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ARTICLE INFO ABSTRACT

Keywords: Semantic web models such as ontologies and knowledge graphs were designed to represent
Knowledge Representation knowledge in an explicit way and to infer implicit knowledge. This brings several benefits like the
Semantic Constraints flexibility and reasoning power. On the other hand, since the adoption of these models has been
RDF Validation growing during the last years, a demand of consistency raised up in parallel. As a consequence,
Ontology the validation of these representations started to be an important issue to research. Several types
Knowledge Graph of related works have been done during the last years, however, for the best of the author’s
Shapes Graphs knowledge, there is still a lack of an integrated review of these works in order to understand how is

conformed the state of the art of formal semantic constraint validation research. The contribution
of this article includes a taxonomy which describes a set of categories of related research trends,
the classification of the selected articles in these categories and the enumeration of the current
open challenges on the validation of semantic constraints in knowledge representation for the
Semantic Web. Each of these contributions was obtained through the conduction of a systematic
literature review. In addition, an extension of the study is done in order to take into account a
very promising model which is having a growing intersection with the field: property graphs.
Finally, this paper concludes with an outlook that summarizes the contributions done and the
challenges that the authors decided to continue researching in further steps.

1. Introduction

Berners-Lee has defined the semantic web (SW) as a decentralized extension of the web of documents, where the
information would have a meaning and would be machine readable ([17]). A fundamental part of this web consists
in the representation of the human knowledge through the creation of formalized semantic models, which are able
to communicate each other, creating in this way an open, accessible, universal and connected bigger model. For this
purpose, knowledge representation (KR) comes into the scene as a science that studies the representation of real-
world knowledge from a specific domain ([48]). Furthermore, the formalization of these models is possible by the
use of logic, such as Description Logic (DL). SW models represent knowledge in an explicit way, but also present
the power to infer implicit knowledge. Two well-known models of these technologies are ontologies and Knowledge
Graphs (KGs). An ontology represents the knowledge mostly at a conceptual level, and the most used language is the
Web Ontology Language (OWL). On the other hand, a KG is based on the instance level, and Resource Description
Framework (RDF) is the most widely used language to create them ([51]). Both models offer attractive features for
the community, enabling flexible domain knowledge representation, global resource identification, implicit inference,
and connection to previously published web models. As part of a previous work, the authors of the current article have
made a comparison of both models’ expressiveness in [57].

The main KR models are incomplete by nature and consequently, they represent knowledge following the Open
World Assumption (OWA) and Non-Unique Name Assumption (NUNA). The former means that if there is some fact
that is not represented in the model, it could not be taken as false, meanwhile the latter states that it is possible to
represent a real world entity multiple times, with different names ([161], [15]). KR models are designed mainly for the
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inference of new knowledge. When it comes to the consistency of the model and its validation, this means a problem.
There are some domains, as medicine, that can’t take the risk of creating their systems based on models that could not
be consistent enough. This issue has opened a whole path of research that is trying to keep the benefits of the models
and, at the same time, to add the consistency needed to increase the adoption of these technologies. Many works have
been done with the intention to set these models with Closed World Assumption (CWA) and Unique Name Assumption
(UNA). The objective of these works is to be able to validate the aforementioned models in a closed manner, similar
to how it is done in Relational Databases (RDBs). In order to solve this problem, the focus is concentrated over the
semantic constraints (SCs) that restrict the models, how they are represented and how they are interpreted. The study of
this issue is key for increasing the adoption of not only the mentioned models, but also the whole SW. In consequence,
it is interesting for the community to review what has been done in relation to this problem, which are the open paths
that will guide the evolution of the developments and which are the related issues that benefit from these advancements.

The contribution of this article includes a taxonomy which describes a set of categories of related research trends,
the classification of the selected articles in these categories and the enumeration of the current open challenges on the
validation of semantic constraints in knowledge representation for the SW. Furthermore, these contributions include as
well the study of Property Graphs, which present an interesting intersection with the SW and some of the problematics
found in this study. Each of these contributions is obtained through the conduction of a systematic literature review
which is guided by a set of research questions (RQs) that plan to investigate details such as the knowledge representation
models (KRMs) involved in the works, the type of SCs that are being treated, the languages in which the SCs are being
represented and the type of contributions developed in the selected articles. In addition, a discussion based on the
results is presented, where the research trends which were more active during the last years and present more potential
are highlighted. Finally, some conclusions are stated and the most interesting challenges found are defined as part of
the future steps of the authors.

This paper is organized as follows: Section 2 introduces the background, where the fundamental concepts of this
work are described. Section 3 presents the related works and Section 4 describes the systematic method that is applied
for conducting the review. Section 5 presents the definition of a taxonomy and shows the obtained results. Section 6
represents a discussion over the integrated outcome of the review and describes the identified current open challenges.
Finally, section 7 presents the conclusion of the paper and the definition of further steps.

2. Background

This section introduces the core concepts underpinning semantic constraints (SCs) and knowledge representation
(KR), followed by their most common representation models, associated languages, and illustrative examples.

2.1. Core Concepts in Knowledge Representation
2.1.1. Knowledge Representation

KR has been defined in [39] as a surrogate, a set of ontological commitments, a fragmentary theory of intelligent
reasoning, a medium for efficient computation, and a medium of human expression. This kind of representation contains
a symbolic description of a part of the real world, in the form of statements that reflect the facts related to a domain.
Furthermore, the use of sorts is a natural way to formally express certain knowledge types and roles at the knowledge
level, as already advanced in [10]. These representations aim to simulate intelligent human behavior, which means that
the knowledge represented could then be analyzed and processed by a machine through reasoning algorithms.

In the early stages of the Semantic Web (SW), KR appeared in different forms, the most prevalent of which was
based on semantic networks, rules, and logic. The former could be found in RDF graph representations or Topic
Maps, and they focused on expressing the taxonomic structure of categories of objects and the relations between them
([130]). Furthermore, these networks are closely related to another form of KR called frame systems, but these use
different representation metaphors. With respect to the rules and the logic, they often aimed to represent the business
knowledge in the form of business rules or logic programming formalisms ([158]). On the other hand, graphs have
long been considered for knowledge modeling and for computation. A benefit of this approach is that labeled graphs,
schemata and drawings provide an intuitive vehicle for KR ([125]).

More recently, the field has evolved towards Knowledge Graphs (KGs) as the dominant paradigm for representing
and integrating heterogeneous data on the Web ([51], [84], [87]). KGs combine the expressiveness of ontologies
(which provide the conceptual schema and formal semantics) with large-scale instance data structured as entities and
semantic relations. They are typically implemented using RDF and related Semantic Web standards, which allow for
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flexible integration, reasoning, and querying at scale. This shift reflects the growing need to handle large, dynamic,
and semantically rich data, which earlier KR models like Topic Maps and simple taxonomic structures could not fully
address. As such, ontology and KG have become two of the most widely adopted graph-based representation models
in current SW research and applications.

2.1.2. Ontology

A well-known KR model is the ontology, which provides the means for describing explicitly the concepts
behind the knowledge represented in a knowledge base (KB, [67]). An ontology is a formal, explicit specification
of a shared conceptualization, describing the vocabulary used to model a domain ([70]). There, the knowledge is
formalized using five kinds of components: classes, relations, functions, axioms, and instances ([69]). Furthermore,
rigorously formal ontologies are defined in a language with formal semantics, theorems, and proofs of such properties
as soundness and completeness ([168]). There are three different levels of knowledge abstraction that need to be
formalized: methodological knowledge (ontology language), conceptual level (classes and their relationships), and
factual knowledge (individuals and their relationships). Finally, ontologies are mostly used to represent the conceptual
level of the knowledge (TBox), creating a kind of schema that represents the bases of a specific domain (there are many
examples as [35], [14] and [49]).

In order to exemplify a very simple ontology, let’s think of a university. An ontology for this domain might specify
that:

e There are classes such as Student, Professor, and Course.
e There are relationships such as teaches (from Professor to Course) and enrollsIn (from Student to Course).
e There may be constraints, such as "Every course must be taught by exactly one professor."

This ontology does not contain actual people or specific courses but only the conceptual structure describing how such
entities relate to each other.

2.1.3. Knowledge Base

A Knowledge Base (KB) is a structured repository that integrates conceptual knowledge (the TBox) with factual
knowledge about specific instances (the ABox). The conceptual knowledge is typically expressed using an ontology or
schema that defines the classes, properties, and constraints of a domain. The factual knowledge consists of assertions
about individual entities and their relationships according to this schema [75].

In addition to schema and instance data, KBs often include rules, constraints, or logical constructs that enable
automated reasoning and inference, allowing implicit knowledge to be derived from explicitly stored facts. Thus, a KB
serves as both a data store and a basis for reasoning, enabling complex queries and knowledge retrieval.

In order to exemplify, let’s continue with the university domain. The ontology (TBox) might define classes such
as Student, Course, and Professor, and properties like enrolledIn or teaches. The instance data (ABox) could include
assertions like Alice is a Student, Bob is a Professor, and Alice enrolledIn Coursel01. Together, these facts and the
schema form a knowledge base that can answer queries such as “Which professors teach courses that Alice is enrolled
in?”

2.1.4. Knowledge Graph

A KG is a formal representation of knowledge in the form of a labeled directed graph, where the nodes represent
concepts or actual entities from the real world, while the edges represent different relations between these nodes ([84]).

Historically, the notion of KGs emerged alongside the evolution of the SW. Initially, the SW was driven by the
vision of a Web of Data, realized through the Linked Data principles proposed by Berners-Lee, aiming for publishing
and interlinking data ([18]). In this context, some prominent KGs (such as DBpedia and Wikidata) were designed as
part of the Linked Open Data cloud, enabling large-scale integration and semantic querying.

However, as the field progressed, the notion of KGs broadened beyond strictly Linked Data. Many modern KGs
(particularly enterprise Knowledge Graphs) have been developed internally to integrate diverse data sources and
support specific business applications. These KGs are typically not published as open-linked data. As discussed by
Hitzler (2021), this reflects the historical development of the SW field, which can be roughly divided into three phases:
the original vision phase, the standardization and ontology engineering phase, and the adoption phase marked by the
growth of Linked Data and the widespread emergence of Knowledge Graphs, both open and private ([83]). Therefore,
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while some KGs are part of the Linked Data landscape, it is more accurate to describe KGs as a broader class of
knowledge representation artifacts that may or may not conform to Linked Data principles, depending on their scope
and intended use.

Additionally, KGs may include an underlying schema to increase expressiveness, which is the case when they are
ontology-based. KGs built on shared ontologies are more interoperable, since the ontology structure is unambiguous
and has an accepted, common meaning within the community ([84]).

In the university domain, a Knowledge Graph would represent entities such as Alice (a student), Coursel01 (a
course), and Bob (a professor) as nodes. The relationships between them (such as Alice enrolledIn Course101 and Bob
teaches Course101) would be edges connecting these nodes. Each node and edge can have rich metadata (labels, types,
properties).

2.1.5. Semantic Constraints

The SCs are a fundamental part of the KR model. They can be seen as rules applied to the models which define
logical terms with the objective of defining logical consequences ([138]). Ontology modeling languages allow defining
these constraints on classes, properties, or on the entire ontology, and this increases the expressiveness that the model
offers ([8]). These constraints could be of different types, with different objectives, such as the cardinality constraints,
which restrict the amount of relationships that a set could have with another set (for example, an exam could have only
one score). Furthermore, the object property path constraints present an example of a more complex restriction which
states that if an individual x is connected through a chain of object property relationships ri, r2,..,rn with another
individual 7, then the individual x is directly connected to the individual n with this type of property ([26]). In general,
the RDF model respects the OWA and NUNA, paving the way to the inference of new implicit knowledge as the result
of logical consequences based on the defined SCs.

2.2. Representation Models
2.2.1. Resource Description Framework (RDF)

RDF is the standard data model for representing knowledge in the web of data and in the Linked Open Data’.
This framework is defined as graph-based and its syntax follows the structure of a set of triples of the form (subject,
predicate, object). A set of these triples is called an RDF graph, where the subject and the object are represented as
nodes; meanwhile, the predicate is represented as a directed relationship which goes from the subject to the object.
Furthermore, the nodes could be represented as IRIs, literals and blank nodes (bnodes). The first two denotes something
in the world, having the IRIs as a unique way of representing a resource, and a literal that refers to a specific data type
which can only be represented by object nodes. On the other hand, the bnodes represent the existence of something that
is not identified. RDF supports simple semantics, and it’s based on XML, so it inherits the XML datatype definitions.
A graphical representation of a simple RDF graph is shown in picture 1.

2.2.2. RDF Schema (RDFS)

The Resource Description Framework Schema (RDFS) is a semantic extension of RDF, which provides a
vocabulary for increasing the expressiveness of these models. This framework allows defining classes for describing
groups of related resources or entities. Moreover, this hierarchy could also be defined for the relationships that are
represented as predicates. Finally, the types of subjects and objects related to a specific predicate can be determined
through the definition of domain and range properties, respectively. The specification of this framework can be found
in [28].

2.3. Languages and Standards
2.3.1. SPARQL Protocol and RDF Query Language

SPARQL? is the standard query language defined for querying RDF data ([36]). This language is useful for
consulting and modifying the data which is stored in one or more RDF graphs, where the data is stored in a triple
RDF format. In other words, this language contains capabilities for querying required and optional graph patterns
along with their conjunctions and disjunctions. In addition, there are different kinds of queries that could be created
and executed, such as SELECT which directly returns variables and their bindings, CONSTRUCT which returns a
single RDF graph, ASK that is useful only for returning a boolean answer to whether the data consulted exists or not

'LOD, https://www.w3.org/egov/wiki/Linked_Open_Data
Zhttps://www.w3.org/TR/rdf-sparql-query/ (last accessed on 2/11/2025)
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:lesson1 ‘hasStudents :student’ “english”

:Student

Figure 1: A graphical representation of a simple RDF graph example. The nodes in orange represent IRls, the green
one represents a literal and the light blue a blank node. This graph represents knowledge related to ski lessons of type
grouplLesson. In addition, the graph presents knowledge related to a student who participated in an instance of the
aforementioned lesson.

and finally DESCRIBE returns a single result RDF graph containing RDF data about resources. The definition of ASK
SPARQL queries has been used as an alternative approach for constraining a knowledge representation model in a
closed manner, following Closed World Assumption (CWA).

2.3.2. Web Ontology Language

Ontologies can be expressed in different description languages, and each of them means a trade-off between
expressiveness and complexity of reasoning ([105]). In the Semantic Web community, the ontologies are commonly
represented with the Web Ontology Language (OWL)? and its family, which is a knowledge representation language
based on description logic ([100]). These languages present an interesting level of expressiveness, quite wider than the
one offered by RDFS, allowing to represent characteristics of the resources and the properties such as the cardinalities,
the type of properties depending on their behavior (transitive, symmetric, reflexive, etc.) or on their type of ranges
(object property or data property), and much more. OWL has a rich vocabulary with several features, but in this
section, only a few relevant properties are briefly described.

To start, a class in OWL (owl:class) is an abstract representation of a group of individuals with similar
characteristics. In addition, the classes are defined with class axioms which could contain different constructs for the
description of the characteristics and its hierarchical relationship with other classes. One of the constructs useful for
the creation of a class axiom is owl:equivalentClass, which allows to define that the class being defined is equivalent
to another class. Furthermore, the class axioms could include class descriptions of different types, such as property
restrictions. A property restriction describes a class as the set of individuals that satisfy the proper restriction. An
example of a property restriction is the owl:maxCardinality which limits the amount of allowed individuals of the
class. Finally, OWL allows to define properties which could be of two different types: Object Properties (which link
individuals to individuals) and Datatype Properties (which link individuals to data values). While RDF, RDFS, and
OWL provide modeling capabilities, they do not enforce closed-world validation. Constraint Languages are useful for
addressing this gap.

2.3.3. Constraint Languages (CLs)

Many SW models are graph-based and lack a rigid semantic schema, making them unsuitable for validation. This
lack of schema, along with OWA and NUNA, hinders closed validation. To address this, defining CLs as add-ons to
existing models has garnered significant attention as a solution ([166]). These new languages follow the design of
a set of directed constraints which aim to validate the data following CWA and Unique Name Assumption (UNA)

3https://www.w3.org/TR/owl-guide/ OWL (last accessed on 2/11/2025)
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configurations. The most popular CLs are the Shapes CL, having in SHACL ([134]) the current standard defined by
the World Wide Web Consortium (W3C)*, and in the Shapes Expressions (ShEx) ([149]) language another popular
example. These "Shape Graphs" allow verifying the consistency of the graph instance data against a designed shape,
which represents the desired structure of the graph.

An example of a SHACL shape is shown in the listing 1. The first two lines define the prefixes that are used in
the shape, where sk is the prefix for the SHACL standard language and the prefix ex aims to an ontology from which
the properties and classes are referenced. This shape is identified with the IRI ex:InstructorShape. The line 5 defines
the target of the shape as those instances of class ex:instructor. Next, line 7 states that the shape will constraint the
value nodes vn which are connected through the property ex:teaches_discipline. Besides, line 8 defines the sh:class
value type constraint, which restricts the value nodes to those instances of class ex:Discipline. Finally, line 9 defines
a minimum cardinality of one. In summary, this shape can be interpreted as a profile of instructors who must teach at
least one discipline.

Listing 1: Example SHACL shape

@prefix sh: <http ://www.w3.org/ns/shacl#>
@prefix ex: <http://localhost/ontology/esf_ontology/>
ex:InstructorShape
a sh:NodeShape ;
sh:targetClass ex:Instructor ;
sh:property [
sh:path ex:teaches_discipline ;
sh:class ex:Discipline ;
sh: minCount 1 ; ]

This is a topic that has been attracting the industry and the academics during the last years ([96]). Several
applications of these languages have been proposed, such as the validation of a SW based system ([42], [169]) or
the controlled evolution of KRMs ([29]).

2.4. Comparison of Ontology, Knowledge Base, Knowledge Graph, and RDF Dataset

The terms ontology, knowledge base (KB), knowledge graph (KG), and RDF dataset are closely related within
semantic technologies, yet they serve distinct roles and have different scopes. In this subsection, there is a brief
summarization of these concepts and a highlight of their differences and relationships.

e Ontology is a formal, explicit specification of a shared conceptualization, describing the vocabulary (classes,
relations, axioms) used to model a domain ([70]). Ontologies primarily define the TBox, which forms the schema
layer enabling reasoning and semantic interoperability.

e Knowledge Base (KB) is a broader concept referring to a structured repository that combines the TBox (schema,
usually provided by an ontology) and the ABox (instance data or factual assertions). As van Harmelen et al.
(2008) describe in [75], a KB may also include rules and other logical constructs to support inference and

querying.

e Knowledge Graph (KG) is a graph-structured representation of real-world entities and their semantic relation-
ships, often constructed by instantiating an ontology with concrete data ([51]). A KG typically includes both
schema and instance data and emphasizes graph traversal and semantic queries.

e RDF dataset is a technical serialization of semantic data according to the Resource Description Framework
(RDF) standard ([36]). RDF datasets can encode instance data or complete knowledge graphs, and serve as the
concrete data format for storage, exchange, and integration.

Although these concepts overlap (for example, a KG can be viewed as the ABox populated over an ontology, and
stored as an RDF dataset), they each play a distinct role in semantic systems: ontologies define the conceptual model;
knowledge bases aggregate schema and data (and possibly rules); knowledge graphs structure that data as entities and
relations for graph-based exploration; and RDF datasets provide the standard format to serialize and share all of the
above.

4W3C, https://www.w3.org/
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3. Related work

There are three works that could be taken as related works to this article, and that are briefly described in this section.
The first article found was "Requirements on RDF Constraint Formulation and Validation" ([78]), which presents a
review of the existing requirements related to the definition and validation of SCs. It presents an analysis of many types
of constraints and CLs and defines if they can manage the aforementioned requirements. The second work identified
was "RDF Validation: A Brief Survey" ([166]), which shows a description and comparison of the state of the art CLs at
the moment. Finally, the third related paper is "Challenges in RDF validation" ([96]), which presents several challenges
that are interesting to research related to RDF validation. However, most of the article is dedicated to the comparison
of two existing CLs, ShEx and SHACL.

Even if the aforementioned articles are interesting and present valuable information related to the validation of
SCs on KRMs for the SW, none of them are based on a systematic literature review (SLR) method. Conducting an
SLR brings well-known advantages, such as transparency, reproducibility, and reduction of bias through predefined
research questions and selection criteria. Beyond these general benefits, an SLR is particularly valuable for the
tackled issue because the field of validating constraints on KRMs is highly heterogeneous: it covers a wide range
of knowledge representation models (including ontologies and knowledge graphs), multiple constraint languages with
different expressiveness and semantics, and approaches that often intersect with other research areas like reasoning
and interoperability. This diversity, combined with the rapid emergence of new methods and languages (for example
SHACL, ShEx, and their extensions), makes it challenging to capture the full state of the art with a traditional narrative
review. Therefore, by applying a systematic approach, this work aims to provide a comprehensive, up-to-date, and
balanced synthesis of the field, identifying gaps and trends that can inform future research.

Going forward with the differences, the approach of [78] is limited to the study of the constraint formulation and
expressive capabilities of existing CLs. The core of the work presented in [166] is quite similar, since the objective is
to define the requirements that a CL should fulfill, and the overview is limited to existing approaches defined in RDF
validation. Moreover, in [96] the review is restricted to a comparison between the core versions of ShEx and SHACL
languages through a rewriting of both to a new intermediate language. These three related works differ from the current
article, which (to the best of the author’s knowledge) is the first SLR focused on the validation of SCs on KRMs for the
SW from a broad point of view, covering all models, constraints, constraint languages, and also taking into account the
intersection between solutions for this issue and other well-known challenges. These issues include: recursion, which
concerns the ability of constraint languages to express self-referential structures; satisfiability, which examines whether
a given set of constraints can be jointly satisfied on any data instance; containment, which studies the relationships
between different constraint sets (whether one is more restrictive than another); and expressiveness, which assesses the
range and complexity of constraints that can be formulated. Further, the review considers mappings and interoperability,
which explore how constraints facilitate data integration across heterogeneous schemas; schema extraction, which looks
at deriving constraints automatically from existing data; and validation reports and explanations, which analyze how
tools communicate violations and guide users in correcting data. Other key issues include error treatment (how tools
and languages handle inconsistencies or partial validations), reasoning (how logical inference can support or complicate
validation), query optimization (how constraint knowledge can help improve query performance), and the design of
validation algorithms themselves.

Investigating these intersections is essential not only for understanding the technical limitations and design trade-
offs in constraint validation but also for identifying the broader usages of semantic constraints beyond mere validation
(for instance, improving data integration, supporting reasoning tasks, enabling data cleaning, or driving schema
evolution). By systematically analyzing how validation techniques and semantic constraints relate to and address these
issues, the review offers a deeper and more comprehensive picture of the role that semantic constraints play in the
evolving Semantic Web ecosystem.

Given that the validation of semantic constraints is closely related to data quality assessment in the Semantic Web, it
is important to clarify their respective scopes, the areas where they overlap, and how they differ. Quality assessment is
typically broader in scope: it aims to evaluate multiple dimensions of data quality, such as completeness, accuracy,
consistency, timeliness, and conciseness, often using a mix of heuristics, statistical analysis, and domain-specific
metrics ([174]). In contrast, constraint checking focuses specifically on verifying whether data instances comply with
explicitly defined semantic constraints, such as shape expressions, cardinality restrictions, or logical axioms formulated
in constraint languages or ontologies ([95]; [128]).
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The overlap between these areas lies in the fact that constraint checking can serve as one method to detect quality
problems: violations of semantic constraints can reveal errors, inconsistencies, or omissions in the data ([92]). However,
quality assessment usually goes beyond constraint checking, incorporating analyses that do not necessarily rely on
explicit constraints; for example, detecting outliers, measuring coverage, or assessing adherence to best practices
([174]). By clarifying this relationship, the present review focuses specifically on constraint checking as a formal
and declarative approach, while recognizing its role as a fundamental component within the broader context of data
quality management for the Semantic Web.

4. Method

This work presents an SLR methodology inspired in the work presented by Petersen in [126], with the objective of
reviewing the scientific work in a research area and identify the state of the art. Similar reviews have been applied in
different published works such as [37], [61] and [141].

The main aim of this review is to identify and analyze all the relevant works associated with the validation of SCs
related to KRMs for the SW and the extension of the study to include Property Graphs. Additionally, articles may
not only focus on validation but also on combining it with other techniques like Query Optimization (QO). The review
also analyzes research gaps and outlines open challenges in the domain, providing a clear understanding of validation
challenges in SW’s KRMs and suggesting future directions for development. The figure 2 describes the steps of the
SLR method, which are detailed in the next sections.

4.1. Research Question

The goal of this review is to identify all the relevant literature related to the validation of SCs in KRMs for the SW.
This leads to the following definitions:

The main RQ:

e RQ: Which are the existing trends related to the validation of SCs in KRMs for the SW?
Specific RQs:
e RQ1: Which are the KRMs involved?

e RQ2: Which are the types of contributions presented? This includes, for example: Definition of CLs, mapping
techniques.

e RQ3: Which types of SCs are represented?

e RQ4: Which languages are used for the representation of the SCs?
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Table 1
Groups of keywords
Group A Group B
Semantic constraint Knowledge representation
Semantic restriction Knowledge formalization
Ontological constraint ~ Semantic network
Shapes RDF
SHACL Ontology
SHEX Knowledge graph
OwWL

4.2. Keywords and search string definition

The keywords definition is done with the intention of giving a structure to the search, in line with the main RQ
defined. The identified main keywords are "semantic constraints” and "knowledge representation”. In consequence,
the creation of the query must consist of two groups (A and B) connected with the Boolean operator AND. The groups
are detailed in table 1 and a general final query was defined as:

("Semantic constraint” OR "Semantic restriction” OR "Ontological constraint” OR Shapes OR SHACL OR SHEX)
AND ("Knowledge Representation” OR "Knowledge formalization”" OR "Semantic Network” OR RDF OR OWL OR
Ontology OR "Knowledge Graph")

The selection of the keywords is done after testing several combinations of potential keywords, analyzing the
influence that they had in the obtained results. "Semantic constraints" and "Semantic restrictions” are taken as
synonyms, since most of the literature uses them interchangeably. "Ontological constraints” represents constraints
which are represented in an ontology. The "Shapes” keyword is related to a popular SC format, which is represented
by CLs. The keywords "SHACL" and "ShEx" represent the two most popular languages used for represent shapes
constraints. Terms related to "Shapes" are added to the query since the authors were aware of the popularity of these
techniques for the creation of SCs at the time when this review was started. Regarding the group B, the term "knowledge
representation” refers to the artificial intelligence domain in which the models of interest are studied, meanwhile,
"Knowledge formalization" aims to those models which respect a semantically structured framework. The keywords
"Semantic network", "Ontology" and "Knowledge graph" target the respective specific representations. Finally, the
keywords "RDF" and "OWL" are added, since they represent very well-known languages for the representation of the
aforementioned models.

4.3. Database selection

Following the advice given in [91], four scientific databases were selected for this work: Scopus, Web of Science
(WoS), IEEE Xplore and ACM. These digital libraries cover different scientific fields, including peer-reviewed articles
related to computer science, SW journals and conferences. Furthermore, they offer advanced search features that allow
to create customized queries, what is valuable for creating a reproducible set of papers.

The reference management tool Zotero® was used to store and organize the obtained papers. In addition, the
collaborative online tool Scolr © was used to delete the duplicates, discard those articles that have incomplete
information (title, abstract or year) and classify the papers. This study was conducted on September 2023, so the
related articles published up to that moment are taken into account.

4.4. Study Selection and Quality Assessment

There are four filtering stages that are applied, based on the ICRs and ECRs defined in table 2. There, the
term "Entire conference proceedings volumes" (in ECR1) refers specifically to excluding the proceedings volumes
themselves (i.e., collections that compile all the papers accepted at a conference or workshop) from being treated as
primary studies in the review. Instead, the review only considers individual full-length papers published within these

5Zotero, https://www.zotero.org/
6Scolr, https://scolr.lifia.ar/
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Table 2
Liaslz zf inclusion and exclusion criteria, having ICRn = "Inclusion Criteria n’ and ECRm = "Exclusion Criteria m’.
Criteria Description
ICR1 The article is related to the validation of SCs on KRMs
ICR2 The article is related to a formal and semantic CL
ICR3 The articles are in the field of computer science
ECR1 Entire conference proceedings volumes and entire books (individual peer-
reviewed papers from these may be included); short papers, demo papers,
and posters
ECR2 Studies presenting non-peer reviewed material
ECR3 Studies not presented in the English language
ECR4 Studies with incomplete information (title, abstract, keywords)
ECR5 Studies not accessible in full-text
ECR6 Studies that are duplicates of other studies
ECR7 Papers that were published before the year 2001
Table 3
Amount of obtained papers by scientific database
Database Total Unique Duplicated
Scopus 1054 1054 0
IEEE Xplore 524 375 149
WoS 606 191 415
ACM 531 177 354
Total 2715 1797 918

proceedings, provided they meet the other inclusion criteria. The rationale for this choice is that proceedings volumes
themselves are secondary compilations and do not present original research contributions in the form of single studies,
and thus fall outside the scope of primary research required for the SLR. Furthermore, it is worth to mention that the
ECR7 is defined taking into account that the first OWL specification was done in 2004 ([170]), so it is not expected to
find articles related to the validation of KRMs before that year. In order to have some extra margin, the search is done
starting from 2001. The four stages are: filters on databases (creating an adapted final query per database), discarding
duplicates through Scolr, reading the title-abstract and reading the full-text. In addition, more articles are added through
the application of backward snowball sampling.

The execution of the queries with the filters retrieved an initial set of 2715 papers which were reduced to 1797 after
removing the duplicates. The detail of the obtained papers per database and their uniqueness is detailed in table 3. In
this table, the "Duplicated’ column reflects the amount of duplicated papers with respect to the set of papers that were
previously loaded into Scolr. As an example, the first row describes that no duplicates were found between the papers
retrieved from Scopus, meanwhile the second row presents that 149 papers from IEEE Xplore were already retrieved
on the Scopus set. Going forward, after the title-abstract reading, 1634 articles were excluded and 163 were selected
for the following stage. These papers were reduced to 92 articles as a result of the full-text reading filter. Finally, the
obtained papers were used to conduct a backward snowball sampling ([86]). This represented a full text reading of the
references that were present in the papers aforementioned. Through this stage, 31 articles were added, creating a final
selection of 123 papers. The detail of the amount of papers included/excluded on each stage is detailed in the figure 3.
The selected papers are detailed by id in tables 4, 5 and 6.
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Table 4

SLR selected papers 1
Article ID Article Article ID Article
1 [24] 30 [47]
2 [104] 31 [147]
3 [171] 32 [172]
4 [71] 33 [173]
5 [68] 34 [115]
6 (73] 35 [119]
7 [152] 36 [162]
8 2] 37 [148]
9 [165] 38 [143]
10 [34] 39 [133]
11 [30] 40 [155]
12 [59] 41 [94]
13 [19] 42 [156]
14 [33] 43 [101]
15 [31] 44 [154]
16 [96] 45 [21]
17 [23] 46 [85]
18 [98] 47 [144]
19 [45] 48 [7]
20 [79] 49 [40]
21 [43] 50 [111]
22 [114] 51 [72]
23 [50] 52 [5]
24 [128] 53 [53]
25 [120] 54 [122]
26 [64] 55 [52]
27 [55] 56 [20]
28 [121] 57 [129]
29 [46] 58 [176]

4.5. Data Extraction

The table 7 details the items that were extracted from the selected papers. These extractions were intended to
classify the content and order it aiming for a better understanding of the domain and helping for answering the RQs
previously detailed.

5. Results of the review

In this section, the findings done as an outcome of the SLR are presented, and the defined RQs are answered.
The papers obtained from the SLR were published from 2008 to 2023 which shows the continued activity that this
topic has presented during the last sixteen years. Furthermore, it is interesting to highlight the growth in the published
amount of articles starting at 2014 that is related to the publication of the popular CLs ShEx and SHACL, which
were defined to validate the SW models ([96]). The papers by year are represented in the figure 4, where the y axis
represent the year of publication and the x axis shows the amount of articles. In addition, the figure 5 shows the venue
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Table 5

SLR selected papers 2
Article ID Article Article ID Article
59 [3] 88 [27]
60 [22] 89 [106]
61 [135] 90 [167]
62 [118] 91 [66]
63 [41] 92 (78]
64 [65] 93 [25]
65 [136] 94 [62]
66 [153] 95 [151]
67 [58] 96 [161]
68 [102] 97 [13]
69 [164] 98 [123]
70 [74] 99 [9]
71 [108] 100 [124]
72 [82] 101 [11]
73 [97] 102 [92]
74 [157] 103 [99]
75 [142] 104 [146]
76 [103] 105 [150]
77 [54] 106 [38]
78 [160] 107 [60]
79 [159] 108 [89]
80 [44] 109 [112]
81 [132] 110 [166]
82 [63] 111 [109]
83 [56] 112 [113]
84 [163] 113 [127]
85 [139] 114 [77]
86 [175] 115 [88]
87 [6] 116 [1]

distribution of the papers, where the x axis describes the types of venues found and the y axis represents the amount of
articles. Furthermore, 43 different conferences have a presence in the results, having the International Semantic Web
Conference (ISWC) and the European Semantic Web Conference (ESWC) as the two most frequent.

5.1. Inclusion of property graph models in the results

During the systematic literature review, it was identified that although the Semantic Web (SW) stack is formally
centered on standards such as RDF, some of the recent works address problems related to the semantic constraint
validation in property graph (PG) models. While PGs are not officially part of the W3C SW standards, there are
compelling reasons to include them in the results of this review (limited to the categories where relevant related studies
were found) as supported by recent literature.

Firstly, recent works propose a shape language for PGs inspired by SHACL, offering formal semantics and
complexity analysis akin to RDF validation ([147]). Secondly, there is a growing interoperability trend between RDF
and PGs: Hartig ([76]) presents formal mappings and translations between RDF* and PGs, highlighting that hybrid
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Table 6
SLR selected papers 3
Article ID Article Article ID Article
117 [81] 121 [107]
118 [4] 122 [140]
119 [32] 123 [117]
120 [116]
Exet?utlon of queries o Results = 2715
in databases
]
v
-918
Remove duplicates » Results = 1797
]
v
; -1634
Title and ’?\bstract o Results = 163
reading
]
v
-70
Full text reading » Results =92
]
v
+31
Backward snowball » Results =123

Figure 3: Number of articles included and excluded in each step of the review

Table 7
Data extraction description

Data ltem Value RQ
Study ID Integer -
Title Name of the article -
Year Calendar year of the publication -
Venue Conference, Journal, Workshop, Book chapter -
Model Ontology, KG,.. RQ1
Contribution Type of contribution RQ2
Constraints languages SHACL, ShEx, SPIN, etc RQ3
Constraints involved Cardinality, Range, etc RQ4

solutions increasingly combine the strong semantics of RDF with the flexibility of PGs. Angles et al. ([12]) further
show how PG query languages have evolved under the influence of semantic data management needs, demonstrating
conceptual convergence. Finally, recent surveys and industry analyses ([84]) confirm that enterprise knowledge graphs
frequently rely on PGs for internal data integration and governance purposes, even if these graphs are not published as
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Figure 4: SLR selected papers by year

open linked data. This indicates that semantic constraint validation is practically relevant across graph-based KRMs,
not only those strictly within the SW stack.

In summary, including these works in the results offers a more comprehensive view of current approaches to
constraint validation. This choice reflects the field’s evolution and aligns with best practices in systematic literature
reviews ([90]), ensuring that the study encompasses both formal standards and practically adopted graph models.

5.2. KR models involved (RQ1)

This section presents the KR models that are being validated in the selected papers. The found SW models are the
RDF graphs, ontologies, KGs, RDFS graphs and KBs; meanwhile, beyond the SW, property graphs (PGs) are taken
into account. The former five are already described in the section 2. With respect to the PGs, this data model is used
to represent and store information through a network formed by nodes, edges and key-value pairs which are related to
both nodes and edges ([137]).

Almost the half of the models (64) was based on an RDF graph which represents RDF data or an RDF dataset, and
were directly classified as an RDF graph. Not very far in the quantity (44), the second most used model is the ontology,
which is followed by KGs (21) in the third place. Finally, KBs (8), RDF/s graphs (4) and PGs (2) had a minor presence
in comparison with the already mentioned models. The detail of the KR models used is presented in the figure 6.

The high use of the RDF data model in the validation related works was expected, knowing that this is the standard
model defined for the SW and that it represents mostly instance data, which creates an interesting scenario for validation
research. Furthermore, the amount of papers that presented their work based on ontologies reflects on the one hand
that the inference of these models doesn’t ensure consistency, and on the other hand, that their expressiveness power
is enough valuable for being on the priorities for further developments. Moreover, KGs are relatively new models, and
their validation took on more importance from 2017. Since they represent mostly instance data, in order to validate
them, it would be necessary to have an ontology behind, or to create a validation schema by the extraction of constraints
from the graph. Going forward, the papers in which the input was a KB presented these repositories mostly based on
the RDF model. Finally, the low amount of published works dedicated to the validation of PGs presents evidence of
an interesting research challenge that is emerging.
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5.3. Type of contributions (RQ?2)

In order to be able to answer this RQ, first, the definition of a taxonomy was done. This taxonomy represents the
research trends found related to the validation of formal SCs and can be seen in the figure 7. The amount of papers
by research trend is shown in figure 8. In this bar graph, the x axis represents the amount of papers, meanwhile the
y axis represents the title of the taxonomy’s categories. Each category is explained in more detail in the following
subsections.

5.3.1. CL analysis and review
This category represents those works which propose an analysis or review of one or more existing CLs. The group
of selected papers present six works that were classified into this category. There are some works which analyze a
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Figure 7: Taxonomy of research trends related to validation of formal SCs

single CL, focusing on the most important characteristics and features that it offers as in [164] and [119]. Furthermore,
other type of analysis that can be found is through a comparison between two CLs, or between a CL and another type
of language. This can be seen in [20], where SHACL is analyzed through a comparison with DLs, meanwhile in [96]
SHACL and ShEx languages are analyzed by doing a comparison between both of them. Finally, there are works in
which the analysis is based on the comparison between more than two languages, and their ability for the support of
certain requirements related to RDF validation ([166], [78]).

5.3.2. CL semantic and syntactic definition

This type of work represents the definition of semantic and syntactic characteristics related to a CL. Fourteen of the
selected papers were classified as part of this category. Some of these papers are based on the definition of a CL such as
RDF Data Description language (RDD, [146], [59]), ShEx ( [128]) and Wikidata Shapes Expression language (WShex,
[66]). On the other hand, an important amount of these papers is focused on the definition of a semantic extension over
an existing CL, which normally consists in the addition of new features to the respective language. The extensions over
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ShEx are aiming to the definition of the 2.0. version and the support for single-type and multi-type features ([155],
[22]). Meanwhile, the extensions to SHACL mostly aim to define new features such as recursion, and in some cases
were inspired by other models such as logic programs, Answer Set Programming (ASP), and Approximation Fixpoint
Theory (AFT) ([34], [11], [19], [30] and [21]). Another feature that started to capture the attention for the extensions in
SHACL is the data provenance ([44]). Most of the aforementioned articles are explained in more detail in the categories
which refer specifically to the CLs features related works. In addition, the totality of the already mentioned papers was
related to RDF graph based CLs which were defined to constrain ontologies and KGs. Moreover, there is also a trend
which aims to define the semantics and syntax of CLs which are defined to constrain PGs, which are more expressive
KR models ([77] and [147]).

5.3.3. CL implementation

This type of work aims to the actual implementation of the semantics and syntax of a CL. Eight papers from the SLR
outcome were classified into this category. An implementation of ShEx was found, having the inspiration in regular
expression derivatives, meanwhile a review over four previously defined ShEx implementations was also presented
([65] and [128]). The implementation of SHACL is another objective of the community, which could aim to avoid
the validation of invalid entities ([58]) and the computation of shape fragments ([44]). In addition, the definition of a
benchmark that allows to test existing SHACL implementations in specific graph databases, is found quite necessary,
and only one proposal was found up to date ([143]). Furthermore, SPARQL can serve as an effective execution layer
for implementing RDF constraint languages (CLs), through the creation of queries that retrieves a closed answer, as
demonstrated by existing approaches for Resource Description Rules (RDD, [59]) and Description Set Profiles (DSP,
[25]). In the former, the authors presented a first naive implementation of RDD based on SPARQL 1.0, which presented
an acceptable overhead in the dataset loading process and some limitations with respect to constraint types. Moreover,
based on SPARQL 1.1, insights for overcoming these limitations are presented. In the case of DSP, the authors describe
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a framework where DSP specifications are translated into SPARQL queries, via the SPARQL Inferencing Notation
(SPIN), to validate RDF data against constraints such as cardinality, value ranges, and vocabulary usage. Finally, ASP
could be used for the implementation of CLs which aims to validate PGs ([147]).

5.3.4. CL applied cases

Since the definition of CLs that follows the concept of shape graphs, such as ShEx and SHACL, several models that
are represented in SW technologies are validated by them. The authors found several works that presented the validation
of a KRM through the application of a shape CL, which allows to validate it following CWA and UNA configurations.
ShEx could be used to describe and validate existing models related to a determined domain (such as medicine) or even
to validate linked data portals ([164], [97]). In the same way, SHACL is often employed for similar objectives, such
as the definition of constraints and the posterior validation of domain related ontologies ([73], [85], [108], [118], [88],
[157], [94], [53], [27]). SHACL is also used for the validation of other models such as domain related KGs ([154],
[176], [159], [63]), already published shared vocabularies ([165]) and even systems that are not initially semantically
structured on a model, such as Github repositories ([106]). In addition, SHACL validation is applied to accomplish
specific functionalities such as resource access management ([171], [160]), user access authorization ([27]), product
configurations ([71], [144]) and compliance checking ([118], [136]). The important amount of papers (22) inside
this classification shows the high acceptance that shapes graphs (mostly represented in SHACL) are experiencing
for practical applications over heterogeneous case studies.

5.3.5. CL recursion

As mentioned before, SHACL is the CL defined as the standard by the W3C. However, in the definition of
the language semantics, there are some characteristics that were left open for being defined and developed in the
implementations. One of these missing definitions is the recursive shapes, which describe a reference cycle between
shapes. The design of SHACL creates a favorable environment for this type of constraints which reference another
constraint ([34]), and for this reason, this gap has awoken the interest of the community, and some trends have appeared.
The definition of recursive semantics for SHACL shapes was presented in some papers, inspired by different concepts,
such as the AFT, Second order logic, logic programs and ASP ([34], [19], [120], [30], [11]). Furthermore, a general
analysis of the recursion in SHACL could be found ([119]), as well as more specific analysis related to specific features
such as the satisfiability or disjointment of SHACL in the presence of recursion ([120], [21]). Finally, the study of the
validation task over recursive shapes have place and comes along with the proposal of new algorithms that are able to
perform the task ([33], [7]). A total of 9 papers from the set of selected articles was classified as part of this category.

5.3.6. CL satisfiability and containment

Some works (5 papers from the selected group) have dedicated special efforts to the analysis of these two particular
decision problems of CLs. Given a particular SHACL document, satisfiability is the problem of deciding whether there
is an RDF graph which is validated by the document. Meanwhile, containment studies whether a particular SHACL
document is subsumed by a second one; that is, whether all graphs that are validated by the first are also validated
by the second. The study of both characteristics opens interesting paths for the improvement of the state of the art
validation techniques. Some proposals were presented for the study of one of these problems. A sound and complete
procedure for containment in ShEX, considering several SPARQL fragments, is presented in [2], meanwhile the same
problem is studied in ShEx from a theoretical point of view in [156]. Furthermore, the analysis of satisfiability and
containment in SHACL could be done through a previous translation to FOL ([121]) or a translation to a fragment
of monadic second order logic which includes the recursive fragments ([120]). Moreover, the decidability of shapes
containment in SHACL has been studied through a rewriting to DLs with the use of subsumption [101]. Finally, a
checkpoint of the work done with respect to SHACL is presented as a review in [119].

5.3.7. CL further characteristics

The study of the CL characteristics includes more than recursion, containment and satisfiability. In this category,
those studies that analyzed other features apart from the mentioned ones are presented, which represent 4 papers from
the total selected ones. One characteristic that is taken into account is the SHACL arbitrary and unrestricted negation
including the study of the corresponding semantics and the validation of shape graphs which includes this type of
semantic ([34], [7]). Furthermore, the analysis of the SHACL semantics related to other four features is presented in
one specific work, aiming to analyze their impact in the expressiveness of the language. These features are equality,
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disjointness, closure constraints and zero-or-one paths ([21]). Finally, the decidability over filter features, and a proposal
for their effective treatment is presented in [120].

5.3.8. Mapping techniques

This category includes those papers in which a mapping technique is applied, which means a syntactic and semantic
translation from a source language to the most possible equivalent representation in another target language. Only those
works in which the source language and/or the target language is able to represent formal SCs are taken into account.

An important amount of these works is dedicated to the mapping of a source language into a generic target
language (which could be even a new language) and in most of these cases, the real objective is to analyze theoretical
characteristics of the source language or to generate the rewriting in the most possible generic way. SHACL is involved
in many related works, and it was mapped to generic languages such as new languages of FOL and second order
logic ([120]), DL ([101], [20]) and logic programming ([30]). Furthermore, both SHACL and ShEx were mapped
to a minimal and new intermediate language to facilitate the comparison between them ([96]). Moreover, an idea of
generalization based on the transformation of a generic high level language to a generic CL was presented in [79],
with the objective of paving the way for the transformations independently of the specific source language. Finally, the
transformation of SQL data to generic shapes is presented in [23].

Another trend well established is based on finding an equivalence between the SQL constraints and their
representation as shape constraints. There are different approaches to this kind of mapping, such as the transformation
of SQL constraints to a generic representation of shapes ([23]), or the mapping from the SQL schema to the target
standard shape CL SHACL ([162], [163]). Furthermore, taking into account that RML ([16]) is a rule language that
is used to map SQL data to RDF, an approach for mapping the constraints directly from these rules to SHACL shapes
was also presented ([43]).

Going forward, many works have proposed mapping techniques for determining equivalences between shape
constraints and the SPARQL query language, allowing to have an executable version. Going to the approaches, the
mapping could be done from a generic CL to SPIN-SPARQL as an attempt to generalize this kind of translation
([79)). In addition, some techniques were presented for mapping specific constraints represented in a language to their
respective representation in SPARQL queries, having as the source languages such as SHACL ([119]), RDD ([59]),
DSP ([25]), Wikidata property constraints ([56]) and a combination of OWL language with SWRL rules ([150]).
Moreover, the mapping could be done in the opposite way, having SPARQL as the source and a CL such as SHACL
as the target ([102]).

Another type of mapping that is often used is between a CL such as SHACL and the ASP semantics, aiming to have
the possibility of analyzing the constraints on the well-founded semantics of the target ([144], [11], [6]). The mapping
could be also done having a SW model as a source, such as RDF KGs ([152], [114], [50]), OWL family ontologies
([127], [142], [31], [157]) or even the specific Wikidata model ([56]).

There are still more source types which are mapped to SHACL such as Object Constraint Language (OCL, [98]),
DECLARE templates (a well-established declarative process specification language, [45]), and even trained decision
trees ([50]) or semantic profiles generated by the ABSTAT tool ([153]). Finally, there are also two more source types
which are mapped to ShEx constraints, which are XML Schema ([64]) and CSV ([140]).

Most of these techniques ease the interoperability and integration between heterogeneous models and the SW. The
important amount of works classified in this category (31 papers), could be interpreted as the popularity of the SW
technologies, and how many communities present a tendency to move to the latter side.

5.3.9. SPARQL constraint implementation

An important amount of papers (17) presented the validation of SW models through the design and execution of
SPARQL queries and its use as a CL. It’s worth to mention that this category does not include those implementations
which merely describes a specific CL such as SHACL. The motivation for the use of SPARQL queries in order to
check SCs with a closed interpretation is related to the importance and prevalence that this language has had since
the beginning of the SW and also to the variety of constraints that can be expressed with this language. SPARQL
constraints could be defined and implemented to validate a specific domain ontology ([115], [53]), but there are also
some proposals which define the queries in a more generic way with the intention of being reusable for validating
several ontologies and to reflect theoretical extensions ([151], [161], [92], [78], [107], [150]). SPARQL queries could
also be related to KGs, and the objectives could be the validation of a specific KG such as Wikidata ([167], [56]), the
definition of queries in a reusable generic way ([99], [123]) and even for determining semantically correct property
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value assertions of instance-property pairs ([46], [47]). Finally, the definition and implementation of the SPARQL
queries are also done through the use of the SPARQL Inferencing Notation (SPIN) framework, and its applied with
different already mentioned objectives such as the validation of ontologies ([62], [79]) and KGs ([81]) in a generic
way.

It is important to note, however, that the use of SPARQL for constraint validation comes with certain limitations,
especially when it comes to recursion. SPARQL 1.1 introduced property paths, which allow expressing simple recursive
patterns (e.g., transitive closure via * and + operators). However, these constructs are not expressive enough to capture
general recursive constraints, such as arbitrary forms of ancestor—descendant relationships, which require Datalog-like
recursion beyond standard SPARQL capabilities ([131],[93]). The effectiveness of recursive constraint evaluation is
also highly store-dependent. Benchmarks show that some RDF stores (e.g., Virtuoso’ and Apache Jena®) differ in their
completeness and efficiency when handling property paths: Virtuoso performs well on some queries but may fail on
complex recursive evaluations, while Jena tends to offer more complete but sometimes slower responses ([145]). This
variability highlights the importance of evaluating recursive constraint implementations across multiple stores.

5.3.10. Definition of specific types of constraints

An interesting amount of papers (21) presented in their work, an analysis and/or definition of the expressiveness
of specific SCs and their validation characteristics. This category puts the focus mainly in the type of the SCs, their
semantics and their expressiveness. These works could be presented in different ways, and to start describing one of
them, there exist a type of work in which the attention is focused in a few SCs (less than 10) and where the definition of
these constraints is done independently of the data ([99], [151], [161], [9], [115], [150], [107], [4], [116], [133], [32]).
Another type of work that could be found is also related to the definition of a few constraints, but in contrary to the
latter mentioned, in this case, the constraints are defined through an extraction of patterns from the data ([112], [113],
[114], [56]). Finally, there are works in which the analysis or definition of several specific constraints is presented, and
their support by the existing constraint representation approaches and frameworks are reviewed ([78], [79], [82], [81],
[166]). These kind of works shows how linked are the validation of KRMs and the definition of SCs. Furthermore,
these works correspond to the attempt of being able to represent, step by step, more sophisticated restrictions, allowing
the validation in a more efficient way.

5.3.11. Schema extraction

Schema extraction includes those works which proposed a technique for the extraction of the schema (or a part of
it) that is implicitly present in a KR model. This extraction is done to obtain a screenshot of the schema at one desired
point in time, which will then be used for the validation of the model, between other interesting functionalities, such as
supervising the evolution of the model. Having the possibility of extracting these validating schemas in an automatic
way has an interesting potential, since the manual creation of these is a time-consuming and error-prone task.

To start with the enumeration of the known approaches, those techniques which extract constraints from RDF
graphs are described. A technique for extracting ShEx shapes (and also OWL axioms) is based in a semi-automatic
process which exploits structural statistics that then are used in a simplified process ([38]). In addition, a similar
technique for extracting SHACL shapes was explained in [127]. Furthermore, the need for the development of an
automatic technique for the extraction of specific structural SCs was already analyzed and proposed in [112]. There
are also techniques which extract automatically a few specific constraints from these graphs and represent them as
ShEx shapes, through a simulation-based approach ([68]). Finally, having as the origin a domain-specific RDF graph,
a semi-automatic and database-driven technique for the extraction of SHACL shapes is presented in [139].

Moreover, the automatic extraction of certain constraints could also be done from a KB. An automatic extraction
of cardinality constraints represented in ShEx was presented, based on mining the relation cardinality bounds by prior
normalizing and filtering the data ([113], [114]).

Going forward, the constraints could be also extracted from ontologies. SHACL shapes could be obtained from a
domain-specific ontology as in [157]. Moreover, the extraction could be generalized to any ontology as presented in
[31], where the technique consists in the execution of mappings between ontology and SHACL patterns previously
loaded in a KG.

Finally, the constraints could be also extracted from KGs, and some techniques reflect this possibility. A technique
for the automatic induction of generic RDF shape graphs based on machine learning and data profiling was presented

"https://virtuoso.openlinksw.com/
8https://jena.apache.org/
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in [111]. Furthermore, SHACL shapes could be extracted from KGs through the design of an algorithm based on
approximation and summarization techniques ([132]). In addition, an automatic extraction of SHACL and ShEx shapes
based on mining the graph structure was presented in ([55]), offering as well the possibility for inter-linkage between
the generated shapes. Finally, a proposal for the automatic extraction of SHACL shapes based on Inverse Open Paths
was presented in [117].

The presence and development of these sophisticated and complex techniques represent how valuable the validation
of KR models currently is. In addition, it shows that it is becoming a good practice on the SW, to be able to validate
models that were already published.

5.3.12. Visual constraints creation and validation

The representation and manipulation of SCs require background knowledge related to the semantic and syntax of
specific CLs designed for these purposes. In order to increase the adoption of the SW technologies and the existing
languages designed for validation purposes, some papers (8) present the design and development of an intermediate
graphic layer between the user and the language in order to ease its use. There exist web interfaces which were designed
for the creation and edition of SHACL shapes aiming to ease the validation of previously loaded ontologies ([129],
[148]). Moreover, a similar tool was presented in [172] as a form based web application which allows the creation and
edition of SHACL shapes, but in this case aiming to validate KGs instead. Going forward and having into account the
popularity of the Protégé tool for the creation of KR models, a plug-in for the creation and the execution of these kind
of shapes was presented in [52]. Furthermore, there exist tools which aim to ease the creation of ShEx shapes, such as
ShExStatements, that proposes using tabular format or CSV file format for easing the task ([140]), and Validata, a web
tool which is able to validate an RDF graph against these constraints, allowing in addition to define different validation
requirement levels. Finally, there are works which are not only proposing visual tools for the creation and edition of
SHACL shapes, but also defines baselines as an attempt to standardize the development of these kind of tools, such
as the desired features that they should cover ([41]) and visual notations that could represent efficiently each kind of
constraint ([103]).

5.3.13. Validation reports

This subsection focuses on the outputs generated as a result of constraint validation, particularly the structure,
semantics, and potential extensions of validation reports. While these outputs may support error detection and
correction, the emphasis here lies specifically on how validation results are represented and interpreted. The validation
of shape constraints generates as an outcome a report with some details related to what happened during the process.
The deepness and level of detail of these reports depend on the specific implementation, and presents an important
potential for post-validation actions. The study of these reports was found only in 3 works between the selected articles.
A rules-based reasoning technique which gives the possibility for extending validation reports with more detailed root-
cause explanations, and having an accurate number of violations was presented in [40]. Moreover, the problem of the
explanation of non-validation of constraints was formalized in [5], where the authors also proposed presenting a set of
RDF graph updates in the report, as a guide to repair the violations found. Another type of extension found was based
on adding probabilistic information in the reports, expressing a set of metrics including the generality and likelihood
of shapes ([54]).

5.3.14. Error treatment

In contrast to validation reporting, this subsection addresses the broader tasks of error detection, correction, and
prevention enabled by semantic constraints. These approaches often build on validation outcomes but may also function
independently, aiming to improve the overall quality, maintenance, and evolution of knowledge representation models.
There is evidence of these types of actions in 10 of the selected papers. These works are aimed to improve the quality,
maintenance and evolution of KRMs through the exploitation of the SCs represented.

Some techniques are exclusively dedicated to error detection, as in [60], where a technique for detecting erroneous
numerical values in a linked data repository is presented, paying special attention to the choice of sub populations of
values and cross-checking by means of a second set of data. Another proposal for error detection in linked data is based
in an automatic test instantiation based on schema constraints or semi-automatically enriched schemata, allowing users
to generate their specific tests ([92]). In addition, the error detection could be also focused in relation assertions of a
KG, with a technique based on a combination of path and type usage ([109]).
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Going forward, there exist techniques that not only detect the errors, but also propose alternatives for the correction
of the found inconsistencies. The last mentioned technique for error detection has an extension in which it includes
the automatic correction of the errors, relying on type predictors and on a classifier for every relation in the graph,
exploiting local feature selection ([50]). Another work presented a proposal which begins from a detail of violations
presented in a SHACL validation report, codifies the problem in ASP and generates the corresponding repairs ([6]).
Furthermore, these repairs could be also presented directly in the validation report, constructing the explanation using
the notion of a repair as a collection of additions and deletions whose application results in a repaired graph that does
satisfy the given SHACL constraints ([5]).

Finally, there exist techniques which aim to the prevention of the errors. In [175], the presented technique first finds
the key instances of the data graph, then detects possible inconsistencies that could be generated after the inference
of the model and finally provides the corresponding repairs to avoid these errors. A similar technique is applied when
updating RDF graphs, avoiding the identified possible errors through additional updates represented as bnodes ([72]).
Moreover, the error prevention could also be done in KGs through an initial evaluation of the semantically correct
property value assertions, which then is used to provide a list of acceptable statements to the users. In this way, the
errors are directly avoided before they are actually materialized ([46], [47]).

5.3.15. Inference in validation

The inference of SCs could be applied in KRMs with goals such as analyzing the validation procedure, improving
it or even creating a new one. The selected articles include 6 proposals which involve and relate the inference process
with the validation one.

Having an RDF graph and a set of SCs, an interesting research consisted in analyzing the validation process by first
validating the graph as it is, and second, applying a prior inference process in order to include the implicit knowledge
in a new validation of the model. The comparison between the two scenarios could include the quality of the generated
data, the performance of the validation task, and the dependence of the results with the underlying semantics ([24]).

A similar analysis was presented, having an RDF graph which is consistent with a defined set of constraints as the
initial condition. In these cases, the idea is to apply inference rules to the model, and then validate it a second time
against the same set of constraints, in order to determine if the consistency holds. Moreover, if the second validation
returns violations, a repair is possible, either deleting the conflicting inference rules or modifying the set of constraints
([122], [175D).

The utility of the inference process has been also researched specifically with respect to the explanation of non-
validation results in SHACL. In this technique, the reasoning procedures are defined to decide if there are possible
explanations, to find the best candidate and to decide if an explanation is relevant as an addition or deletion to the
graph ([5]).

Furthermore, rule-based inferences were presented as the core of a new validation approach proposal in [40].
Taking advantage of the customizable inferencing steps, this technique explains the root cause violations in detail and
generates an accurate number of the inconsistencies found.

Finally, an approach to inference shape graphs based on grammatical inference was presented in [68]. This technique
proposes a simulation relation on the nodes of the input graph for identifying subtypes, and presents as an outcome, a
schema that could be used to validate the input graph.

5.3.16. Validation of SCs for QO

This category describes works which develop techniques for QO. These techniques, in some part of their procedure,
are related to a validation or satisfiability check of a query (or query results) against a schema (shape graph) or a group
of constraints (defined with SPARQL queries). The selected group of papers includes 5 related techniques.

The optimization of the queries could be faced from the construction of a CL. Following this, a semantic extension
to RDF was presented in [99], which includes specific types of constraints that are able to represent general constraints
and key information from RDBs. This approach aims to minimize the lost information when mapping from RDBs to the
extended RDF model, and allows to semantically optimize SPARQL queries based on constraints-implied knowledge.
Furthermore, there is another related approach ([59]) in which the RDD CL is involved and the validation process
through SPARQL queries is studied. Starting from this point and aiming to improve the performance of the constraint
checker, the query optimization is treated in different ways, such as intra-query (individual query), intra-constraint
(individual constraint) and inter-constraint (set of constraints) processes.
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Going forward, the optimization process could aim to reduce the execution cost of the SPARQL queries by finding
the best possible order execution. Based in a first validation of the basic graph patterns against a previously defined
ShEx schema, the subjects of the triple patterns are linked to the shapes to which they could belong. This relation aims
to rank the patterns depending on how many shapes are attached and then use this ranking for the definition of the
order execution ([1], [3]).

Finally, an approach proposed to improve the performance of SPARQL queries through an analysis of their
containment relation, having into account a previously defined ShEx schema. The containment relation between the
queries is computed before their execution in the data. The procedure is based first on ShEx validators to compute the
containment between two queries taking into account the schema and second, in query containment solvers to check
the outcome of the first step without taking into account the ShEx constraints ([2]).

Query language and types of queries. Across these works, SPARQL is the primary query language used for
semantic constraint-aware optimization, sometimes combined with constraint languages such as RDD ([59]) or ShEx
([11, [31, [2]). The types of queries that benefit from semantic constraint validation include:

e Selection and join queries (conjunctive queries), where constraints enable operator replacement, removal of
redundant joins, and join reordering to reduce cost and improve efficiency ([99], [59], [1], [2], [3]).

e Aggregate queries, including grouping operations, where constraint knowledge supports more efficient evalua-
tion ([59]).

e Complex queries with AND-OPT and UNION operators, where containment analysis under ShEx constraints
avoids redundant or unsatisfiable query execution (e.g., [2]).

It is worth noting that recursive queries are not directly addressed in these works; the focus lies on conjunctive,
aggregate, and containment-based optimizations. Furthermore, while RDD and ShEx are the main constraint languages
explored, it would be valuable for future research to investigate how other widely adopted languages such as SHACL
could support similar optimization strategies.

Potential trade-offs. While these approaches demonstrate that semantic constraints can substantially improve query
performance, they also highlight important trade-offs between optimization gains and resource costs. For example,
Lausen et al. [99] show that constraint-driven join reordering and elimination of redundant joins can reduce execution
time, but the static analysis required to exploit constraints may increase query compilation overhead. Similarly, Fischer
et al. [59] note that intra- and inter-constraint validation strategies with RDDs can reduce redundant computation but
may introduce additional complexity and memory consumption when managing large sets of constraints. Abbas et al.
[1, 3, 2] demonstrate that ShEx-based reordering can lower intermediate result sizes and improve execution efficiency in
SPARQL engines like SPARQLGX, but this optimization may require more sophisticated schema analysis and can face
scalability challenges as schema size and query complexity grow. Across these works, consistency and completeness
of results are generally preserved, but the trade-off lies in balancing optimization overhead against execution efficiency.
This suggests that future research should investigate adaptive strategies that can dynamically decide whether constraint-
based optimizations are cost-effective for a given workload.

5.3.17. Validation algorithms

This category describes those works (9 from the selected papers) which present or analyses an algorithm for the
validation of a data graph against a set of constraints. The validation process is still nowadays a very challenging task,
and more related proposals are expected in the following years.

The authors in [34] presented an algorithm for the validation of an RDF graph against a set of SHACL shapes
which consists in two steps. First, a minimal fixed point is calculated, focusing on all the constraints enforced by the
graph. Second, if the validation hasn’t been defined yet, an extension is done by assigning the shapes to a node and its
successors. Furthermore, this work has been extended with two algorithms prepared for being executed in a SPARQL
endpoint ([33]). The first one uses the answers of a set of SPARQL queries to build a set of propositional formulas that
are processed by an SAT solver. Meanwhile, the second one performs the necessary inference on the fly and works
for recursive, but tractable fragments of SHACL. Both algorithms handle validation for total or partial assignments.
Going forward with SHACL shapes, an algorithm for an incremental validation of a KG which switches between data
retrieving and constraint validation was presented in [58]. In this work, the proposal selects the traversal shape plans
and rewrites the target and constraint queries to the fast detection of invalid entities, allowing to reduce the number
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of constraints that need to be checked. In addition, an attempt to validate full SHACL was based on Magic Sets (from
logic programming), aiming to validate only the relevant neighborhood of the targeted nodes. In case the hard validation
with the original schema fails, a lazy and target-oriented validation is done, taking into account a transformed "magic"
version of the same schema ([7]).

This kind of works was also based on the validation of ShEx schemas. Four different ShEx implementations
are mentioned and analyzed with their respective validation algorithms in [128]. Furthermore, a proposal for partial
validation (only a part of the graph) was done for multi-type and single-type semantics. Based in the construction
of a pre-typing and its minimal valid extension, these algorithms are a modified graph flooding example that verifies
that the nodes satisfy their respective types. In addition, for single-type semantics, the process prevents assigning
two different types to the same node ([155]). Going forward, a derivative algorithm designed for checking the same
sources was presented in [65]. In this case, once a regular shape expression matches a set of triples, the derivatives are
computed for each of them, without the necessity for decompose the graph or do backtracking. Finally, two algorithms
were presented in [22], having the refinement algorithm that calculates the maximal typing defined as the union of all
correct typings by iteratively removing unsatisfied node-type associations until a fixed point is reached. The second
presented algorithm is recursive and aims to visit only a sufficiently large portion of the defined typings.

A different approach based on a previously built ontology of SCs was presented in [104]. A set of flags defined in
the ontology, in addition to a set of SWRL rules, is exploited by the algorithm in order to complete the respective rules
and to control the validation over the flagged instances.

5.3.18. Other approaches
This category encompasses diverse approaches not covered in previous sections, grouped for simplicity.

e The authors in [173] introduced a framework using ontological constraints from OWL-S and OWL to create
semantic test cases for web service robustness testing.

e An RDF dataset validation approach utilizing OWL ontologies and SWRL rules to derive SCs from validation
failures was presented in [104]. This approach maintains the OWA in the modelling and validates the dataset
following a CWA. Similarly, the authors in [124] proposed marking certain concepts as complete using DBox
predicates for validation, treating marked concepts as ICs and non-marked ones as incomplete.

e A framework for evaluating the relationship between RDF data graphs and schemas using structuredness
functions was proposed in [13]. A related approach ([89]) utilized metrics and type/class profiles for a similar
validation.

¢ A method for updating RDF databases with RDB characteristics using bnodes for consistency was developed in
[72].

e A completeness analysis for evolving Knowledge Bases (KBs) using data profiling features to predict correct
ICs and detect consistency issues was presented in [133].

e The integration of logical constraints from ontologies with machine learning to enforce DL satisfiability for
consistent predictions ([135]).

e The definition of frameworks for consistency checking for Ontology-Based Data Access (OBDA) and Manage-
ment (OBDM) systems, respectively, incorporating ICs ([116] and [32]).

5.4. SCs and their representation (RQ3 and RQ4)

In the first part of this section, the analysis of the CLs that were used for representing the SCs is presented. As
expected, the most used language by far is the popular and standard CL SHACL, including subsets and extensions of
the core language. It is followed by the ShEx CL, including extensions also in this case. Going forward and not very
far from the latter one, the representations of CWA interpretations of the OWL family and SPARQL queries complete
the top positions. The figure 9 shows how many times each CL has been used in the selected papers.

The second part of this section aims to describe which SCs are being represented. The authors found that not all the
works describe specific constraints, and sometimes, they work over all the constraints that are related to a determined
CL, or simply, the authors do not specify if they are restricting their work to some specific constraints of the specific
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Figure 9: CLs used in the SLR selected papers
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Figure 10: SLR selected papers with specified constraints

language used. In addition, there are proposals in which the constraints are partially specified. The percentage of works
which describe specific constraints is shown in the figure 10.

As shown in the chart, most of the selected papers do not specify the type of constraints with which they work, and
instead, the proposal is based in a CL. However, since almost a third part of the set of papers is specifying totally or
partially the constraints, it’s worth to analyse what are the SCs that are being highlighted.

Most of the SCs are enumerated using as a reference the several constraint types defined in [80]. The *Data Model
Consistency’ constraints (also known as ICs) are one of the SCs that were used the most with 11 apparitions, what could
be related to those works that were defined before the popularization of the CLs ([40], [151], [161], [9], [124], [92],
[112], [32], [116], [163], [153]). This relation is made since, as shown in the set of selected papers, the first attempts
to validate the consistency of knowledge formalization models were based on the definition of ICs that allowed to
check the consistency by following the CWA interpretation. The *Recursive’ constraints were the second type with
more presence, which is partly a consequence of the lack of definition for them in the standard specification of SHACL
([341], [30], [19], [33], [120], [147], [119], [7], [22], [142], [11]). The podium is completed by constraints that have
been treated in 5 different papers, which are "Maximum Qualified Cardinality’, "Minimum Qualified Cardinality’
(both represented in [114], [111], [153], [113], [112]) and ’Property Assertion’ restrictions ([50], [46], [47], [107],
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[60]). These constraints are frequently used for the definition of important schema characteristics. Going forward, 3
different articles presented proposals related to *Exact Qualified Cardinality’ ([114], [153], [113]), *Negation’ ([30],
[71, [22]) and ’"Property range’ ([111], [112], [56]) restrictions, meanwhile 2 examples were found for ’Existential
Quantifications’ ([60], [115]), Object Property Paths’ ([109], [21]), Property Domains’ ([112], [56]), ’Symmetric
Object Properties’ ([21], [56]) and *Contemporary’ ([4], [56]). The latter constraint is not defined in the referenced
classification, and instead, this constraint was defined in one of the mentioned articles ([4]). Furthermore, a list
of constraints which were found only once in the selected papers is detailed as follows: constraints defined in the
reference classification such as ’Allowed values’ and *Universal Quantifications’ ([60]), ’Asymmetric Object Properties’
([21]), *Class-Specific Property range’, ’IRI Pattern Matching’ and ’Language Tag Matching’ ([56]), ’Context-Specific
Property Groups’ ([89]), *Disjoint classes’, ’Disjoint properties’ and *Dependency’ constraint ([115]), *Literal Pattern
Matching’ ([112]), 'Primary Key Properties’ ([163]), *Subsumption’, *Descriptive’ and ’Prescriptive’ constraints
defined in [107], *User-Defined’ restrictions ([72]) and finally constraints adapted to the PG data model such as
’Comparison’, *Exact Qualified Cardinality’, ’Maximum Qualified Cardinality’, "Minimum Qualified Cardinality
Restrictions’, ’Property specific key - edge path’, *Property specific key - node path’ and "Recursive’ ([147]). The
specified constraints and their distribution detail are represented in the figure 11. For a matter of simplicity and clarity,
the SCs with only 1 related papers will be comprehended in the category ’Others’.

6. Discussion

In this section, the relation between the different results presented in the previous section is analysed and interpreted.
In addition, the open challenges that are derived from the results are described.

6.1. Integrated results

The applications discussed in Section 5.3 are pivotal for this paper’s contribution analysis. This section examines
how contribution types intersect with publication years to identify current trends. Trends are determined by categories
where over half of the papers were published in the last six years (from 2023 to 2018) and at least 5 papers represent
this percentage.
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e 90% of papers in the "CLs - Applied cases’ category were published within this timeframe, indicating a trend
possibly influenced by SHACL standardization in 2017 and increased adoption for system validation based on
KRMs.

e 100% of papers concerning recursion in shape graphs ("CLs - Recursion’) were presented during this period,
demonstrating a community effort to extend shapes CLs’ features and expressiveness since the SHACL
specification in 2017.

e Around 83% of works addressing satisfiability and containment of shapes were published in the last 6 years,
reflecting sustained interest since SHACL’s inception.

e Similarly, 83% of validation studies involving inference were released in recent years, aiming to enhance SW
validation techniques by leveraging inference capabilities.

e Over 80% of papers introducing mapping techniques for contributions were published in the defined period,
suggesting a growing interest in representing and validating heterogeneous sources with SW technologies.

e 75% of articles proposing visual representation and editing of shape constraints were published in recent years,
indicating efforts to facilitate mass adoption of these technologies.

e Techniques for automatic or semi-automatic extraction of shape constraints from SW models saw a 69%
publication rate since 2018, showcasing efforts to streamline schema creation for improved model validation.

e Nearly 65% of papers presenting CL definitions were published in the last six years, reflecting ongoing efforts
to expand CL capabilities and features incrementally.

e 60% of works related to error detection, correction, and prevention were published within the defined period,
suggesting a shift towards more comprehensive processes beyond validation alone.

6.2. Current challenges

The validation of SCs in KRMs for the SW is increasingly tied to the development of CLs, specially since the
establishment of SHACL as a standard. However, significant research gaps exist in this emerging field. Key challenges
include:

e Visual Interfaces: To broaden the adoption of SW technologies, there is a need for user-friendly visual interfaces
for handling CLs. Few proposals currently exist, but they are in early stages.

e Validation Reports: SHACL standardization did not define how validation reports should be generated and
shared. Future work is expected to focus on enhancing the quality and content of these reports, potentially
including recommended actions such as data updates.

e Mapping Techniques: Efforts to develop generic mapping techniques, independent of specific contexts, are
crucial for interoperability and integration with SW. In addition, more work has to be done over these techniques
in order to maintain as much semantics are possible.

e Schema Extraction Techniques: Automating shape graph generation from KGs, ontologies, and other KR
models requires more efficient methods, including addressing performance issues with large knowledge models
and ensuring constraints cover diverse CLs. Moreover, the generation of shapes of spurious data and the
algorithms to avoid it represent another research challenge. In addition, techniques for the extraction of shapes
from PGs could be studied. Finally, the extraction of multiple schemas from heterogeneous sources and their
posterior integration represents a key step.

o Shapes Containment and Recursion: These features could be part of new techniques for schema extraction
and rewriting, potentially enhancing performance and quality. In addition, the specification of SHACL could be
extended with a standard definition of these features.
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o Extensions and Analysis of CLs: Soft validation of constraint models offers a customizable approach to
dealing with the inherent incompleteness of KRMs. Combining validation with error detection, correction, and
prevention presents avenues for improving model quality beyond mere inconsistency detection. It is expected
that more features will be added either as extensions to existing CLs or as part of the creation of new ones.

e Validation of PGs: This area, beyond the SW, is nascent, with only a couple of proposals for semantic definitions.
Anticipated future research will explore well-founded semantics and validation approaches.

In summary, the validation of SCs in KRMs presents various research opportunities to enhance usability, report
generation, semantic definition, interoperability, automation, and error management.

6.3. Additional emerging challenges

Besides the challenges directly identified in the reviewed works, there are further aspects that, while not
systematically covered in the selected literature, are nevertheless highly relevant to the future of semantic constraint
validation.

6.3.1. Persistent Storage and Its Implications for Constraint Validation

The persistent storage of ontologies and knowledge graphs influences both the feasibility and efficiency of
constraint validation. Native RDF stores with integrated SPARQL engines, such as Virtuoso’ and GraphDB ' , exhibit
implementation-dependent performance characteristics, which affect how validation workloads execute in practice;
surveys of SPARQL processing consistently report significant variability across systems and query features, and
emphasize the role of physical design and indexing in execution efficiency [145]. In enterprise contexts, deployments
may also use property-graph or hybrid storage solutions (e.g., Neo4j'! ), reflecting the broader ecosystem of knowledge
graph technologies discussed in [84]. Overall, storage choices impact constraint validation in three ways: (i) query
optimization opportunities depend on indexes and data layout, (ii) support for advanced query features can vary
by engine (affecting which constraint-checking strategies are practical), and (iii) scalability depends on the store’s
execution model and memory management. These observations indicate that constraint validation should be analyzed
together with the storage layer, and that comparative, system-aware evaluations remain an important direction for future
work [145, 84].

A further implication concerns recursive constraints. SPARQL 1.1 property paths enable limited recursion, but
not full recursive evaluation; more complex patterns typically require iterative query execution or additional reasoning
support. RDF stores differ in how they handle such workloads. Virtuoso and Blazegraph!? both implement property
paths at the query engine level, with performance depending on path length and indexing strategies [145]. Apache
Jena'? combines a SPARQL engine with optional rule-based inference, which can be exploited to evaluate recursive
patterns declaratively. GraphDB also supports rule-based reasoning and materialization of inferred triples, allowing
certain recursive constraints to be pre-computed rather than evaluated at query time [84]. Comparative studies of
SPARQL performance confirm that recursion-like queries are among the most sensitive to store-specific design
decisions [145]. Hence, the feasibility and scalability of recursive constraint validation are tightly coupled with the
underlying storage engine, highlighting the need for system-aware analyses of constraint languages.

6.3.2. Generation of constraints with Large Language Models (LLMs)

Recent research has begun to explore the role of pre-trained Large Language Models in constraint modelling.
Michailidis et al. ([110]) demonstrate that LLMs can assist in transforming natural language problem descriptions into
executable Constraint Programming (CP) models by leveraging in-context learning and retrieval-augmented prompting
strategies. While this work is situated in the CP community, the underlying idea of using LLMs to bridge informal
descriptions and formal constraint specifications suggests potential relevance for semantic constraint validation in
knowledge graphs and ontologies. In particular, future research may investigate whether similar techniques could
support the automatic generation of SHACL or ShEx shapes, or assist in formulating OWL axioms, from natural
language requirements. As the SLR covers work until 2023, these developments were beyond its scope, but they
highlight a promising frontier at the intersection of LLMs and semantic web technologies.

https://virtuoso.openlinksw.com/
Onttps://graphdb.ontotext.com/
https://neodj.com/
2https://blazegraph.com/
Bhttps://jena.apache.org/
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7. Conclusion and future work

The validation of SCs in KRMs represents a key step for increasing the adoption of SW technologies. It is necessary
to provide consistent models to ensure that the systems which are constructed on top of them, are reliable enough. In
order to pave the way for realizing this objective and in order to have a clearer understanding, the authors described this
problem and conducted an SLR for answering the following RQ: *which are the existing trends related to the validation
of SCs on KRMs for the SW?'. The description of the process was detailed and the results were analyzed. Based on
the results, the contribution of this article included a taxonomy which described a set of categories of related research
trends. Furthermore, there were two other results which were included in this taxonomy. First, the classification of the
selected articles and second, the enumeration of the related current open challenges. Besides the SW models, Property
Graphs are added to the analysis and results performed.

Several interesting current challenges were found and presented in this work. However, the authors are specifically
interested in the potential that the schema extraction techniques bring to the community. The further steps will be
based on a deep study of the related state of the art, and the design of a new technique aiming to improve not only the
performance, but also the accuracy of the generated schema. The authors have already discovered that the current
existing techniques present the following weakness: the generated constraints are limited in their expressiveness,
the input is normally limited to one type of model, most of the outputs are represented in a specific language, the
transformation is normally done in a uni-directional way, there’s a lack in the treatment of the generated shapes and
the performance is normally not enough for the treatment of big KGs. In addition, it is expected that the extraction
of schemas could be done from heterogeneous sources, having as a result multiple shape graph that would create a
scenario in which it would be interesting to integrate them into one unique schema. In consequence, further work will
be done in order to propose a solution to these challenges. Moreover, the authors think about the intersection between
recursive shapes, containment, shape extraction and shape integration. Including both features in the development of
the new extraction and integration techniques opens an interesting path to explore.
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